ABSTRACT Large-scale wind farms are usually integrated into transmission systems through interconnecting transformers. Applying traditional, steady-state, fundamental frequency-based differential protection (DP) strategies in these interconnecting transformers creates challenges. First, the fault current of wind farms might be dominated by non-fundamental frequency components caused by the activation of their own protection systems during low-voltage ride-through (LVRT). Second, the fault current contains low-order components that may affect the second-harmonic restraint algorithm of the transformer DP, thereby blocking the differential relay for a long time. Therefore, a novel transient current similarity-based protection scheme is proposed to deal with these issues. The current protection scheme uses the fundamental frequency and non-fundamental frequency characteristics and can, therefore, reduce the influence of LVRT to a minimum. The proposed method uses transient current (within 15 ms after fault inception) and ignores the features of steady-state fault current. In the proposed method, an improved Hausdorff distance algorithm is used to calculate the similarity of transient current signals at both ends of the interconnecting transformer. The simulation results demonstrate that using a common sampling frequency, the proposed protection scheme reveals current information, correctly identifies magnetizing currents and internal transformer faults in a short period, and achieves superior performance in cases of abnormal data, missing data, and noise.
I. INTRODUCTION
With the looming energy crisis and serious environmental pollution, renewable energy in the form of wind and photovoltaic power generation is attracting increasing attention worldwide [1] . The use of wind power, in particular, is growing rapidly at high power levels. Globally, the total installed wind power capacity reached 539.6 GW by the end of 2017, with more than 52.57 GW of new capacity installed [2] - [5] . Benefiting from advanced manufacturing techniques and reduced cost, centralized large-scale wind farms can be in the order of several hundred megawatts, and their short-circuit capacity can be close to that of integrated power systems in certain areas [6] , [7] . With the increasing penetration rate of wind power, the low voltage ride-through (LVRT) technique necessitates the installation of wind turbines (WTs) according to new grid codes [8] - [10] .
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Among variable WT generators, the double-fed induction generator (DFIG) has several advantages, such as mature and reliable technologies, low cost, low light, and easy maintenance; hence, it has become the primary type of WT generators [11] - [13] . Various LVRT techniques have been proposed to ensure the continuous operation of DFIG-based wind farms during faults [14] . Under LVRT strategies, the fault current of the wind farms might be dominated by rotor speed-related frequency components due to the activation of their own protection systems (e.g., crowbar protection) systems [15] . Frequency components are determined by the rotor speed at the fault inception and might be 0.7-1.3 times the fundamental frequency. Hence, errors are generated in the current calculated at the fundamental frequency. These features bring challenges to traditional fundamental frequency-based differential protection (DP). In [16] , a DFIG-based wind farm with a short-circuit capacity much smaller than that of the power grid was considered; the simulation results indicated that a current differential relay can operate correctly for internal and external faults, but when the crowbar protection of the DFIG-based wind farm is activated, the component of a rotor speed-related frequency dominates the short-circuit fault current [17] . This non-fundamental frequency component can lead to the inaccurate calculation of the fundamental frequency current and maloperation of differential relays when wind farms have a short-circuit capacity that is comparable to that of the integrated power system [18] . DP is usually utilized as the main protection for the interconnecting transformers of DFIG-based wind farms. Moreover, the second harmonic restraint algorithm is widely used to block DP and thereby avoid unwanted trips in protection during inrush events for transformers [19] . At the inception of the internal fault of an interconnecting transformer, the fault current at the wind farm side (secondary side) is dominated by the non-fundamental frequency component during LVRT, whereas the current of the primary winding is still maintained at the fundamental frequency [20] . When the second harmonic content of differential current exceeds the setting threshold, it is recognized as magnetizing current, thus restraining the differential relay erroneously [21] , [22] .
Many scholars have proposed various recognition methods for magnetizing currents. On the basis of the mechanism of magnetizing currents, the differences in flux [23] and equivalent instantaneous inductance [24] at the inception of the magnetizing current and internal fault of the transformer were analyzed. The results then paved the way for the proposal of other reliable recognition methods. Nevertheless, these methods claim a high cost of potential transformer (PT) for voltage measurement and trigger inaccurate signals of protection upon PT disconnection. Different from these methods, time-frequency analysis methods distinguish internal faults and magnetizing currents according to the time domain and frequency domain characteristics in differential currents. Wavelet transform [25] , [26] and S transform [27] are time-frequency analysis methods. However, these methods have high requirements for sampling rates and are easily interfered by signal noises. For this problem, some studies have suggested recognizing magnetizing currents by using intelligence algorithms, such as artificial neural network [28] , support vector machine [29] , [30] , fuzzy logic [31] , and decision tree [32] . These intelligence algorithms are difficult to apply extensively due to the required large data storage and strong dependence on the parameters of transformers. The fault current characteristics of WTs are highly different from those of synchronous generators. Therefore, a reliable recognition algorithm for the magnetizing currents of interconnecting transformers in wind farms should be developed.
Some scholars have explored wind power integration on relay protection. Ghorbani et al. [33] studied the effects of wind power integration on the distance protection of transmission lines and pointed out that the impedance calculated by the distance relay was influenced by the wind speed and output power of the WT generators. The authors also suggested to calculate fault resistance according to active powers at both ends of transmission lines to eliminate the abovementioned effects. Yang and Wang [34] discussed the influences of wind power integration on the DP of transmission lines and pointed out from the simulation results that the differential and restraint currents of the lines changed after wind power integration, thereby decreasing the reliability of DP. Jia et al. [35] also studied the DP of transmission lines in a wind farm and proposed a reliable criterion on the basis of waveform similarity. Existing associated research mainly focused on the DP of transmission lines. Hence, the literature on the DP of interconnecting transformers after wind power integration is limited.
Generally, the causes of the maloperation of existing protection schemes in interconnecting transformers integrated into large-scale wind farms can be summarized as follows: (1) the fault current of wind farms might be dominated by non-fundamental frequency components because of converters' self-protection system that operates during LVRT and consequently brings large errors to the calculation of the fundamental frequency current used in a full-cycle Fourier algorithm; (2) the fault current contains low-order components that may affect the second harmonic restraint of the transformer DP, thereby blocking the differential relay for a long time.
On the basis of these two major issues, the present study proposes a novel full-time transient current similarity-based protection scheme for the interconnecting transformers of DFIG-based wind farms. The contributions of this work are as follows: (1) the maloperation mechanism of the DP of interconnecting transformers during the LVRT process is not well studied in the existing literature. This topic is elucidated in the current work; (2) unlike traditional protection that relies on system frequency measurement, the current protection uses fundamental frequency and non-fundamental frequency characteristics and avoids the influence of low-order components on DP caused by the special fault characteristics introduced by DFIG-based wind farms. (3) The improved Hausdorff distance algorithm (IHDA) is used to calculate the similarity of transient current signals at both ends of an interconnecting transformer. The simulation results demonstrate that using a common sampling frequency, the proposed protection scheme can identify magnetizing currents and internal transformer faults correctly in a short period and achieves superior performance in cases of abnormal current data, missing data, and noise.
II. INFLUENCE OF WIND POWER INTEGRATION ON THE DP OF INTERCONNECTING TRANSFORMERS
A. CHARACTERISTICS OF FAULT CURRENT Figure 1 illustrates the schematic of a DFIG-based wind farm system. Each WT generator increases the output voltage from 0.69 kV to 10 kV through a step-up transformer. Then, via a 10 kV collector line, they are transmitted to the step-up substation. The step-up transformer is a package transformer, and its rated capacity is 1.75 MVA. Multiple DFIGs are assembled into a 10 kV bus and are provided access to the grid system through an interconnecting transformer. In the step-up substation, the collected power is boosted to 110 kV (or 220 kV) and then connected to a power system through a 110 kV collector line (l 1 -l 3 ). The basic parameters of the interconnecting transformer are listed in Table 1 .
The fault current characteristics of the #1 interconnecting transformer in the wind farm are further studied. The threephase short-circuit fault occurs at the wind farm side F 1 of the interconnecting transformer at t = 0.2 s, and the WT generator activates the crowbar circuit after 5 ms. Given a rotating speed 0.7 p.u. for all wind turbine generators, the fault current at both sides of phase A and the FFT analysis results are depicted in Figure 2 . Figure 2 illustrates that the low frequency components of the fault current at the wind farm side account for most of the components after the WT generator activates the crowbar circuit. The current at the grid side is supplied by the AC system and wind farm. The AC system current still occupies a large proportion; thus, the current at the grid side is almost a fundamental frequency. Therefore, the content of second harmonics in the differential current is high and might increase the ratio of second current harmonics over the setting threshold. This change could trigger the signal for blocking DP. Figure 3 (a) illustrates the simplified equivalent circuit of the wind farm and the location of internal and external faults. In Figure 3 (a), QF1 and QF2 are the circuit breakers at both ends of the interconnecting transformer, and l 1 is the collector transmission line (110 kV) of the wind farm. The effective value of the differential current I r is detected. If I r is lower than the minimum action current I rmin , then the DP of the interconnecting transformer remains deactivated. When I r satisfies Equation (1), the protection system sends the signal to QF1 and QF2, and the interconnecting transformer is disconnected. (1) where I res is the restraint current, I resmin is the restraint current that corresponds to the minimum action current, and K is the slope of the restraint characteristics (I r to I res ). The protective action characteristic is further illustrated in Figure 3 (b). The trip command of DP is issued by the second harmonic restraint algorithm and is widely used to block the DP and thereby avoid unwanted trips in protection during inrush events for transformers. The traditional protection scheme of interconnecting transformers in wind farms is illustrated in Figure 3 (c). This figure also shows the improved protection scheme based on the IHDA. In the present study, the IHDA replaces the second harmonic restraint algorithm to improve the rapidity and selectivity of the protection scheme. The IHDA is elaborated in the next section. When an internal fault occurs, the three-phase current increases rapidly, and K exceeds the protective restraint characteristic slope (generally set to 0.5). The protection system sends out an operating signal and detects the second harmonic ratio of the differential current simultaneously. In this study, the threshold of the second harmonic restraint is set to 15%, which is widely used for the DP of transformers. If the content of the second harmonic exceeds 15%, then the protection system sends a blocking signal to the DP for the interconnecting transformer.
B. INFLUENCE OF WIND POWER INTEGRATION ON DP
An internal fault scenario is investigated. The three-phase grounded fault occurs at the interconnecting transformer (F 1 in Figure 1 ) when t = 0.2 s. I r and I res are depicted in Figure 4 (a), which show that both fluctuate within a certain range rather than a fixed value. K is depicted in Figure 4 (b), which demonstrates that it is constantly higher than 0.5, thus activating the ratio differential element. However, Figure 4 (c) illustrates that the ratio between the second harmonics I d2 and fundamental components I d1 in the differential current exceeds 15% and lasts for 38 ms after the crowbar protection of the WT is activated. Consequently, the second harmonic restraint element blocks the DP erroneously during this period. The protection signal is further depicted in Figure 4 (d). As a result of the LVRT of the wind farm, the DP of the transformer is delayed for 38 ms in this internal scenario. We can conclude that the second harmonic restraint algorithm decreases the reliability of the DP of interconnecting transformers. Therefore, a reliable recognition algorithm for magnetizing currents should be established. The current work proposes the IHDA to solve this problem. This algorithm is used to calculate the similarity of the transient current signals at both ends of the interconnecting transformer to distinguish the magnetizing current and internal fault.
C. COORDINATION BETWEEN PROTECTION SCHEME AND LVRT Figure 5 illustrates the LVRT and low voltage protection scheme of the WT. This figure indicates that the connection of the WT to the power grid must be maintained during grid voltage dips of short duration and that the WT provides reactive power to support the grid voltage. The voltage profiles under this requirement are usually depicted through descriptions of depth and the duration of a voltage dip at which wind turbines are not allowed to be disconnected. For example, China's Grid Codes require WTs to remain connected to the grid when the voltage levels of the stator terminal and the fault duration are in the gray shaded area ( Figure 3 ). In addition, WTs should be disconnected according to the scheme of low voltage protection. Therefore, at the inception of an internal fault of the interconnecting transformer, the WT could be fully utilized for at least 0.3 s (in this study) at a low voltage operation condition. During this period, the interconnecting transformer of the wind farm could be disconnected selectively.
III. IHDA AND ITS CHARACTERISTICS A. DEFINITION OF HD
The Hausdorff distance (HD) measures how far two subsets of a metric space are from each other. It turns a set of non-empty compact subsets of a metric space into a metric space in its own right [36] . Informally, two sets are close in VOLUME 7, 2019 the HD if every point of either set is close to some point of the other set. The HD is the greatest of all the distances from a point in one set to the closest point in the other set. Let X and Y be two non-empty subsets of a metric space (M, d).
where sup represents the supremum and inf denotes the infimum. Equivalently,
where
that is, the set of all points within ξ of set X (sometimes called the ξ -fattening of X or a generalized ball of radius ξ around X). Furthermore, d(X, Y ) = max x∈X min y∈Y x − y and represents the vector distance from X to Y; d(Y, X)= max y∈Y min x∈X y − x denotes the vector distance from Y to X, with · being a specific norm, i.e., the Euler distance.
B. INFLUENCE OF ABNORMAL DATA ON HDA
The HD can measure the similarity between two columns of data according to their maximum Euler distance. The evaluation threshold must be determined. Assuming that a data channel exists and that the calculated HD is h, we then express the upper and lower boundaries of h as M 1 and M 2 , respectively. Figure 6 (a) shows that when the HD between X and Y is higher than the threshold (h set ), X and Y are determined as dissimilar. On the contrary, X and Y in Figure 6 (b) are similar. Data anomalies might occur during data acquisition as a result of interferences in the communication system or highamplitude pulse noises [37] . is increased dramatically by the abnormal data, thus resulting in an erroneous judgment of their similarity, which threatens the stability and validity of the algorithm.
C. DEFINITION OF IHDA
In a continuous data sampling system, the first n-1 sampling data are assumed normal, whereas the n th data are assumed abnormal. Figure 6 (c) shows that the abnormal data lead to a high rate of changes in d(Y, X). The rate of change can be expressed as Eq. (5).
According to Eq. (5), the rate of change can reflect the variations of a specific data point. Therefore, abnormal data points can be eliminated from the dataset by setting a threshold for the rate of change. In this way, accurate judgment can be realized by the algorithm. The threshold function U (·) is defined by
where is the rate of change at the n th data point and τ is the minimum threshold of ; when > τ , d(y, A) = 0. The distance X to Y, Y to X and the definition of IHDA are as follows:
According to Eq. (8), this principle utilizes the convenience of the HD and considers the coinciding point number of two sets. When the matched points of two sets could possibly be too few or have a baseless dissimilarity, the two sets would no longer be calculated as coincident because the HD would be considerably large. Thus, this principle can overcome the influence of noise and abnormality and thereby improve the robustness of the HDA.
IV. RECOGNITION OF MAGNETIZING CURRENTS BASED ON IHDA A. PROTECTION CRITERION
Through the simulation model in Section 2, two sets of data (absolute values) of the fault current and magnetizing current in one cycle are obtained. The data of the first half cycle (X) and the second half cycle (Y) are compared, and the result is depicted in Figure 7 . For the IHDA, X is used as the standard sequence, and Y is used as the target sequence. X and Y should be normalized first; therefore, the HD ranges between 0 and 1.
The HD of the magnetizing current between X and Y in Figure 7 (a) is close to 1, whereas the HD of the fault current between X and Y in Figure 7 (b) is close to 0. However, noises are observed in the data, and the variable error of the mutual inductor should be considered. Therefore, magnetizing and fault currents should be distinguished by a reasonable threshold. If the threshold is set as d set , the HD of the magnetizing current between X and Y shall meet
In order to further determine a reasonable criterion to identify the magnetizing current and fault current, this Section investigates calculated values of the HD under several typical conditions, which include the magnetizing current, internal fault, internal fault with transformer energization, and internal faults with CT saturation. The calculated HD and the identification results are displayed in Table 2 . The similarities between the first and third 1/4 cycle and the second and fourth 1/4 cycle are calculated. The specific calculated procedure will be demonstrated in part C of this Section. As displayed in Table 2 , during the whole cycle, the value of d H is greater than 0.98 for the magnetizing current and less than 0.42 for the internal faults. Considering the influences of closing angle, residual flux of the transformer, and harmonic components in the fault current, the reliable coefficient (K rel ) must be introduced in. Therefore, Eq. (10) illustrates the criterion to distinguish the magnetizing and fault currents in this study. The theoretical value (d theory ) of the HD for magnetizing currents is set to 1. The value of the reliable coefficient is generally set between 1.1 and 1.5As d theory = 1, it is no harm to let K rel = 1.4. The values of HD are also illustrated in Table 2 . It can be seen that when K rel = 1.4, the HDA can identify all of the faults.
The method for selecting data windows can be divided into two classes: real time and overall judgment. A standard sequence must emerge for the real-time judgment.
In [38] - [40] , the HDA was proposed to enhance the performance of protection of transformer or transmission line. For the DP of transformer, the real-time judgment is used in [39] . In [39] , when using HDA for similarity judgment, it is necessary to generate a standardized sine wave to compare with the sampled waveform. This requires the calculation of the HD at the acquisition of each piece of data, resulting in extensive calculations. The track of the data window is illustrated in Figure 8 (a). Overall judgment aims to divide collected data into two parts. One part is used as the standard sequence, and the other part is used as the target sequence. The similarity between these two parts is measured by the HD. For periodically changing data (period is defined as T ), the data window can be selected as the data of the first 1/4 T and the third 1/4 T , and the similarity between these two data windows is determined. Theoretically, this method only needs 3/4 T to obtain the HD of two data sequences. Overall judgment offers advantages such as free standard sequence and minimal amount of calculation. The movement of the data window is depicted in Figure 8 (b). In this study, overall judgment is adopted to distinguish magnetizing and fault currents.
C. PROCEDURE OF IHDA
The start condition of the algorithm should be determined first. If one piece of the sampling data meets the condition, then this point is set as the initial moment of the algorithm and the first sampling point. The current data of Phase A in one cycle are collected and then processed accordingly. The initial condition of the IHDA can be defined by
||. i is the variation of the phase current, i k is the k th sampling value of the phase current, N is the number of sampling points in one (sampling) period, K set is the reliable coefficient, and I N is the rated current. Figure 9 illustrates the procedure of the IHDA. First, the number of sampling points in each cycle is set as N , and the collected data are stored in the array a n , where n = 1, 2, . . ., N . Second, the initial point of the sampling data shall be selected according to Eq. (11), and the first piece of data to satisfy the threshold is used as the initial point (a 1 ) of the data window. A total of N data are collected successively and expressed as a n . The whole data sequence is guaranteed in the range of [−1, 1] after normalization. Thus, the array a (1) n is obtained, with a
(1) n = |a n |; and N = f s /50, where f s is the sampling frequency. The array a (1) n is divided into four arrays: {a 
V. SIMULATION VERIFICATION OF THE PROPOSED IHDA A. INTERNAL FAULT CONDITIONS 1) GROUND SHORT-CIRCUIT FAULT
In this section, the wind farm model illustrated in Figure 1 is established in MATLAB/Simulink to verify the validity of the IHDA. The sampling frequency of the data sequence is set to 50 points in one cyclic wave. The threshold value of the HD is 0.7. After the wind farm is integrated into the power system, a phase A ground fault occurs at the grid side of the #1 interconnecting transformer. The phase A currents at the grid side and wind farm side are depicted in Figure 10 (a). It can be seen that serious distortion occurs in the fault current at the wind farm side, and the content of second harmonics is about 51.96%. However, the harmonic content will decrease after passing through the transformer (Yd-connection). Therefore, the short-circuit current at the grid side is slightly influenced by the ground short-circuit fault. The HD of phase A's short-circuit fault currents at the grid side and wind farm side are calculated, and the results are shown in Figure 10 (b). Although serious current distortion occurs in the first cyclic wave, the calculated HD is lower than the threshold value. The HD drops considerably with the attenuation of the transient current component. Finally, the calculated HD is kept close to 0, and the protection relay is still open. 
2) TURN-TO-TURN SHORT-CIRCUIT FAULT
The #1 interconnecting transformer in the wind farm is energized at 0.1 s. The closing angle of the breaker is set to 0 • , and the residual flux is 0, accompanied by the phase A fault. The phase A fault current is depicted in Figure 11 (a). The phase A fault current is the superposition of the magnetizing and fault currents. It presents evident characteristics of magnetizing currents close to the amplitude of the first half or one cycle, but it then shows the characteristics of fault currents afterward. The HD, which is calculated by the IHDA, is illustrated in Figure 11 (b). The calculated HD is lower than d set in one cycle. Accordingly, the protection is open, and the relay protection is activated correctly. According to the FFT analysis, the ratio between the content of the second harmonics and the fundamental harmonics in the fault current is 18%, which is higher than the restraint threshold. If the second harmonic criterion is used, the protection is restrained (closed).
3) INTERNAL FAULT WITH CT SATURATION
A large magnitude of fault current may cause the secondary induction electromotive force to reach its saturated value and then force CT into saturation [41] . After the occurrence of CT saturation, the excitation reactance is sharply reduced; thus, the excitation branch approximates to the short-circuit condition, which causes the CT secondary current to exponentially decay. Afterwards, the CT secondary current no longer correctly transform its primary current. When an internal fault of the interconnecting transformer occurs, the primary and secondary side of fault current are displayed in Figure 12 (a). It can be seen that apart from the fundamental component, the fault current additionally contains a decaying DC offset, which can significantly change the CT operating condition. Besides, the distortion levels of CT secondary current are different in every cycle. The distortion level of the CT secondary current attenuates with the decay of the aperiodic component, and it is determined by the magnitude of fault current.
For the fault current displayed in Figure 12 (a). The IHDA is applied, and the calculated result is demonstrated in Figure 12(b) . It can be seen that the proposed method can identify the internal fault at the occurrence of CT saturation. Due to the proposed method only use primary side current data of transformer, if one of the CT's cable line is broken, another side of CT's current information can be utilized as the auxiliary criterion to avoid mal-operation.
B. MAGNETIZING CURRENT CONDITIONS 1) SYMPATHETIC MAGNETIZING CURRENT
Sympathetic magnetizing current emerges through the parallel or cascading operation of adjacent transformers under the energization of one transformer in the power grid. It generally emerges after the transformer energizes with no load, and it lasts for a certain period. Sympathetic magnetizing currents show insignificant features and could thus easily cause the failure to block the transformer and the wrong action of DP. The #2 interconnecting transformer (in Figure 2) is inputted at 0.1 s. Under this circumstance, the three-phase sympathetic inrush current that occurs in the #1 interconnecting transformer is depicted in Figure 13(a) , and the calculated HD is presented in Figure 13 (b). Irrelevant magnetizing current characteristics are found in the first cycle, and the HD declines gradually. Subsequently, the characteristics of the magnetizing current become increasingly important, and the HD is kept stable close to 1 to realize reliable restraining.
2) MAGNETIZING CURRENT WITH CT SATURATION
The secondary load impedance of the phase A CT of the #1 interconnecting transformer is adjusted to make CT work in the saturation region. The magnetizing current under CT saturation is depicted in Figure 14(a) , and the calculated HD is presented in Figure 14(b) . Compared with the magnetizing current under normal operation, the magnetizing current under CT saturation has no intermittent angle but presents a current peak at the negative axis, which is manifested by the obvious harmonic component. In Figure 14 , the degree of asymmetry between the first and second half cycle decreases and is related to the current peak. The IHDA can still recognize magnetizing currents under CT saturation accurately through a reasonable selection of the initial point of sampling.
C. EXPERIMENT VERIFICATION
To verify the proposed algorithm, an experimental platform is constructed. In the experiment, Y/d-11 connection transformer is used. Parameters of the connecting transformer are listed as follows. The rated capacity is 6kVA; rated voltage ratio of transformer is 1770V/220V; percentage of no-load current is 1.32%; no-load loss is 1%; short-circuit loss is 0.55%∼0.6% and the percentage of short-circuit voltage is 13.27∼20.19%. The dynamic experiment results of transformer at energization with no load is shown in Fig.15a ; Fig.15b illustrates the three phase fault current with a 40% turn-to-ground internal fault of transformer; Fig.15c and Fig.15d display the fault current with 5% and 20% turn-toturn fault, respectively. Figure 15 (e) illustrates the calculated HD for scenarios of Figure 15(a) ∼ (d) . It is obvious that the proposed method can identify the internal faults and magnetizing current effectively.
VI. SENSITIVITY ANALYSIS OF IHDA A. INFLUENCE OF CIRCUIT PARAMETERS 1) CLOSING ANGLE OF CIRCUIT BREAKER
The closing angle of the breaker influences the intermittent angle of the magnetizing current. The maximum magnetizing current and the minimum intermittent angle are obtained when the closing angle is 0 • . The HD in one cycle of the magnetizing current is depicted in Figure 16(a) . The amplitude of the magnetizing current is increased, and the intermittent angle is decreased by adjusting the closing angle from Figure 16(b) , the calculated HD is still consistent with that in Figure 16(a) . Therefore, the proposed method for recognizing magnetizing currents based on the IHDA can adapt to the closing angle well. Figure 17 procedure in Figure 9 , and the simulation results are depicted in Figure 17 (b). The value calculated from the IHDA is higher than 0.7, indicating that the proposed algorithm can reflect magnetizing currents correctly.
B. ANALYSIS OF DATA ACQUISITION ON IHDA 1) INFLUENCE OF SAMPLING INITIAL POINT
The initial point of sampling influences the symmetry characteristics of magnetizing currents, as shown in Figure 18 (a). The first half cycle of the waveform is selected as the standard sequence X, whereas the second half cycle of the waveform is selected as the target sequence Y. If the initial point is set at point a, then the HD between X and Y is that shown in Figure 18 The magnetizing current that emerges through the energization of the #1 interconnecting transformer with no load is depicted in Figure 19(a) . A discrete impulse noise interference is observed at three successive points in the first cycle. The calculated results of the HD before and after the improvement of the algorithm are illustrated in Figure 19 is, the calculated HD in the first cycle is lower than the setting value. On the contrary, the IHDA can avoid the influences of abnormal data points effectively because the abnormal data points are recognized and deleted in advance, thus ensuring the accuracy of the algorithm. When two successive points (points 4 and 5) or two discontinuous points (points 3 and 5) in A are lost, d H (A, B) < h set is always true. The influences of some missing data on the results of the algorithm can be neglected by selecting the judgment threshold reasonably. In other words, the HDA has strong resistance to missing data.
A three-phase short-circuit fault is set at F 1 of the #1 interconnecting transformer at 0.1 s, and 40 pieces of data are collected in each cycle. The calculated HD in the case of five continuous missing data in the first half cycle during the fault period is depicted by Curve x in Figure 20 shows that the calculated HD increases and fluctuates to some extent due to the missing data but is generally lower than the setting value. Therefore, missing data cannot influence the accurate judgment of the IHDA.
4) INFLUENCE OF SAMPLING FREQUENCY
When the #1 main transformer is energized at 0.1 s, the magnetizing current decays from 0 s to 0.5 s. The number of sampling points in one cycle is adjusted to 32, 40, and 50 by changing the sampling frequency. The calculated results of the HD are depicted in Figure 21 . The numbers of sampling points corresponding to Curves A, B, and C are 50, 40, and 32, respectively. Small differences are found among the three curves before 0.4. However, the differences increases after 0.4 s, which is attributed to the decaying of magnetizing current and increasing of dead angle. Although there are only 32 sampling points in each cycle, the calculated error is small. The overall value is still higher than the setting value, and the protection device can still block the protection accurately. This proves that the IHDA is less affected by the sampling frequency.
5) INFLUENCE OF NOISE
Data noise refers to the random signal interferences to data during acquisition, and it can influence the performance of the algorithm. Figure 22(a) illustrates that white Gaussian noise with a 10 dB signal-to-noise ratio (SNR) is added into the signal X, thus obtaining signal B. X and Y are Figure 22(d) . In Figure 22 , the HD fluctuates violently when white Gaussian noise exists in the sampling data, but the magnetizing and fault currents can still be recognized accurately.
6) ANALYSIS OF BOUNDARY CONDITIONS
In order to further analyze the effectiveness and robustness of the algorithm, the boundary conditions of the IHDA need to be tested. When the transformer is energized, the closing angle of the circuit breaker is set to 0 • , and the residual flux is 0.01 p.u to obtain the inrush current waveform. The internal fault of the transformer is set as a three-phase shortcircuit fault. Meanwhile, IHDA is used to identify these two waveforms. On this basis, the sampling frequency, signal-tonoise ratio and data loss rate are changed, and the simulation results are illustrated in Figure 23 . It can be seen that when the sampling frequency is less than 800 Hz, the IHDA fails to recognize this two waveform. Similarly, when the signalto-noise ratio is greater than 62 dB and the data loss rate is greater than 21.3%, the algorithm fails. 
C. COMPARISON WITH SECOND HARMONIC ALGORITHM
The magnetizing and fault currents are distinguished by the IHDA and the traditional second harmonic criteria under different transformer states during the operation of the wind farm, respectively. The results are displayed in Table 3 . The IHDA and second harmonics criteria can realize reliable restraining to the #1 and #1 interconnecting transformer energization. However, the second harmonic criteria take a longer time to recognize the internal fault of the interconnecting transformer in a wind farm in comparison with the proposed criteria because the content of second harmonics in the fault VOLUME 7, 2019 current at the wind farm side is kept higher than 15% in the first two to three cycles and the second harmonic criteria restrain the DP. In this study, the data in the first 1/4 cycle and the third 1/4 cycle after the fault are compared with the IHDA, and the accurate results can be obtained at 15 ms to activate the protection. Particularly, the difference is the superposition of fault and magnetizing currents when the transformer closes with the transmission line fault. Under this circumstance, the content of second harmonics is higher than 15% in a long period, which prolongs the recognition of second harmonics and declines rapidity. The proposed criteria can still realize accurate judgment.
VII. CONCLUSION
The traditional transformer DP might identify internal faults as magnetizing currents erroneously due to the special fault characteristics induced by the LVRT strategies of DFIG-based wind farms. This study proposes a transient fault current similarity-based DP to solve this problem. In the proposed protection scheme, a current protection that uses fundamental frequency and non-fundamental-frequency characteristics is investigated and can avoid the influence of low-order components on DP caused by the special fault characteristics of the wind farms. The transient current used for protection is immune to steady-state fault current features that can be easily influenced by different controls of wind farms during LVRT.
The results from the simulation demonstrate that the proposed scheme only uses the current information and can identify magnetizing currents and internal faults with high sensitivity and high speed (15 ms length data window) to interconnect the transformers connected to DFIG-based wind farms. Under high-level noise conditions, the HD varies minimally for internal transformer faults and shows reliability. Verified by simulation tests, the new protection is robust to abnormal current data and requires a sampling frequency and computation speed that can be provided by most commercial protection devices. These features make the protection feasible for industry application.
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